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Effect of Shock Proximity on Richtmyer-Meshkov Growth

S.G.Glendinning, J.Bolstad, D.G.Braun,, M.J.Edwards, W.W.Hsing, B.F.Lasinski,
H.Louis, A. Miles, ]. Moreno, T.A.Peyser, B.A.Remington, H.F.Robey, E.].Turano,
C.P.Verdon, Y.Zhou
Lawrence Livermore National Laboratory, Livermore, California 94550

Abstract

We report here experiments, conducted on the Omega laser [T.R.Boehly et al.,
Optics Commun. 133, 495 (1997)}, and simulations that show reduced Richtmyer-
Meshkov growth rates in a strongly shocked system with linear initial
amplitudes (kny<0.9). The growth rate at early time is less than half the impulsive
model prediction, rising at later time to near the impulsive prediction. An

analytical model that accounts for shock proximity agrees with the results.

A strong shock (shock pressure much greater than pressure ahead of the shock)
in a material results in the maximum single-shock compression of the material.
For a gamma-law ideal gas, the maximum compression is (y+1)/(y-1), or a
compression of four for a typical y=5/3 gas. When this strong shock reaches an
interface between two densities, the high compression will result in a transmitted
shock that recedes slowly from the interface. Impulsive theory of the Richtmyer-
Meshkov (RM) instability”? predicts a nonzero initial growth rate, which may be
larger than the shock recession velocity. Linear compressible theory of Yang,
Zhang, and Shafp (YZS) *, which should provide a better description for strong
shocks, predicts that a perturbation at the interface will have an initial growth

rate of zero, followed by a period of interaction between the rippled transmitted
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shock and the growing interface modulation. Several researchers **have
proposed that the shock will represent an impenetrable boundary, reducing the
growth rate. The reduction would be enhanced in a case where the shock goes
from high to low density, as the high-density spikes of material have a higher
growth rate than the low-density bubbles’. The predicted incompressible linear

growth rate in this instance is usually taken to be that of Meyer and Blewett (MB)

10

7

U = A’kuc(%i) (1)

where u, is the incompressible linear growth rate, A* is the post-shock Atwood
number, k is the wave number, 7, is the initial amplitude, n* is the post-shock
amplitude, and u, is the interface velocity. It is not difficult to find configurations

in which this growth rate would exceed the transmitted shock velocity.

Researchers have suggested using possible shock proximity corrections to the

impulsive growth rate, including Holmes®;

fa 2

“= 1+u,, /(s, -ut)

and Hurricane’

umu(1-u, /s,)mh[m—‘j:—c/s—’)J (3)
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where u is the growth rate and s, is the transmitted shock velocity. These growth
rates are fits to numerical simulations of growth in systems expected to be
compressible. Neither of these models predicts a change in the growth rate as the
shock recedes and allows the perturbation to grow at higher rates. However,
linear compressible theory® shows that the initial growth rate in all cases is
theoretically zero, with the growth rate increasing as the shock recedes. The
growth for the different incompressible and compressible models is shown in
Figure 1. The ratio of the incompressible growth rate to the shock recession
velodty, e=up,/ (s-u.), may serve as an estimate of the effect of compressibility;
where ¢ is close to zero, the system may be described by impulsive models, but
as & approaches or exceeds unity, one might expect compressible theory to be
necessary. The results using the YZS theory are shown in Figure 1 for two values
of ¢, 0.13 and 1.2. The lower value of ¢ is well described by the linear impulsive
model, while the higher value is not. Also shown in Figure 1 is the nonlinear,
impulsive prediction of Sadot ''. Sadot et al. have proposed an incompressible
model, describing existing shock tube data very well?, in which the growth rate

decreases as a function of time, as

1+u,kt 4
1+(1e Akt e =L 2247 )t @
Wt A T+ A ™

u(t)=u,,

where the plus signs are for bubble velocity, the minus signs are for spike

velocity, and C is 1/3m for A*>0.5 and 1/2m for A*~>0. It is clear from this model
that the range of validity of the linear models is small. By the time the

normalized amplitude kh has reached 0.5, the error in using a linear model is
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already 20%. A model which includes both nonlinear and compressible effects
would extend the predictive capabilities of RM models. Analytical models™ ™
that describe the RM instability as a line of vortices have been shown to correctly
predict shock tube data for low Atwood numbers well into the nonlinear regime.
The models assume an Atwood number of zero. Such models have been
extended by Robey et al.”® to include the effect of shock proximity by treating the
shock as a rigid boundary condition. The line of vortices is reflected across the
shock position, giving zero growth at the shock position, and reducing the
growth in the solution found for the density interface. As the shock recedes, the
effect of the image vortices is diminished, until the growth rate recovers to

higher rates, as predicted by YZS, but including the effect of nonlinearity. The

growth is described by the expression

pootr|_cohy  cotlielneast)-y] |
4 [1 +cosh(2ky) 1+cos k(z(n' +4st)- y)]

where T is the magnitude of the vortex strength (=2muy,/k), y is the displacement
of the interface in the direction of shock propagation, and As, is the shock

recession velocity (s-u,).

Previously, experiments have been performed using lasers to examine the effect
of compressibility at high Mach number. The data of Dimonte et al.** and Farley

et al. ® showed reduced growth rates (compared with incompressible
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predictions), qualitatively in agreement with the models of Holmes and
Hurricane. However, these experiments used large initial amplitudes (kn, ~2) to
achieve predicted high initial growth rates. It has been proposed by Velikovich et
al.’ and demonstrated by Sadot et al.” " that high initial amplitudes reduce the
growth rate, even for incompressible systems, as shown in Figure 2. This makes
the interpretation of the data of Dimonte and Farley difficult, as much of the
observed reduction in growth rate would be attributed to a large initial
amplitude. Velikovich predicts a reduction factor of 0.6 for kn, ~2. Rikanati’
predicts a reduction by 0.65 and a Mach 15 system such as those of Dimonte and
Farley. For the large amplitude effect to be less than about 10%, the initial

conditions would require kn, < 0.9.

If the interface velocity is not steady but is decreasing, a significant amount of
growth may be due to the Rayleigh-Taylor (RT) instability'***, which is
exponential rather than linear in time. We simulated the effect on amplitude
growth of an interface velocity which would decrease by about 30% during the
measurement. The amplitude growth increased by about 20%, as shown in
Figure 3. RT growth in the experiment larger than 10% will certainly confuse
interpretation of the results. Thus, experiments to test only compressibility
effects should have: 1) a predicted incompressible growth rate comparable to the
shock recession velocity (e~1), 2) an initial amplitude <0.9/k, and 3) RT growth
of less than 10%. The experiments reported in this paper were designed to meet

these requirements.
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The experimental configuration for our experiment is shown in Figure 4. The
target was a cylindrical package 800 um in diameter composed of several layers.
The first layer, which was ablated by the incident laser beams, was 20 ym of
polycarbonate (density 1.2 g/cm?®). The second layer was 170 pm of brominated
polystyrene (C;H,sBr,, density 1.23 g/cm®), designed to shield the interface from
x-rays created at the ablation front. The third layer was a composite, 50 um thick,
with a 200 pm wide stripe of brominated polystyrene running perpendicular to
the line of sight, surrounded by polycarbonate. The purpose of this stripe was to -
concentrate the opacity near the center of the target to minimize edge effects.
This layer was modulated on the side away from the laser drive with a
sinusoidal perturbation of wavelength 150 ym, initial amplitude either 7 or 22
pm. The modulated plastic layer was in contact at its peaks with a carbonized
resorcinol formaldehyde foam (CRF) payload of density 0.1 g/cm?’. The CRF
foam layer was not modulated, due to the additional fabrication cost and

difficulties.

The primary diagnostic technique used in this experiment was radiography. X-
rays for radiography were produced by ten beams of the Omega laser incident
on a thin foil of Scandium, at about 8X10™ W/cm?, in a spot 600 ym in diameter.
The beams each delivered 500 ] in a 1 ns square pulse and were timed in two
groups 4 ns apart. The emission is predominantly He-a at 4.3 keV?. The foil was
oriented perpendicular to the motion of the interface, and was imaged by a gated
x-ray pinhole camera®. The imager was an array of 16 pinholes, each 10 pum
diameter, providing 16 images at four different times (two groups 4 ns apart). A

typical frame 20 ns after the start of the laser drive is shown in Figure 4. On some
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shots the target was unmodulated and the imaging was done with an x-ray

streak camera, giving the position of the interface as a function of time.

The laser drive was provided by nine beams of the Omega laser, each smoothed
with a distributed phase plate” into a superGaussian shape of the form e);p[-
(r/d)"], where r is the distance from the beam axis, d is 430 um, and n is 4.7. The
angles of incidence were 47.8° for six of the beams and 23.2° for three of the
beams. The beams were used in sets of 3 (two 47.8° sets followed by one 23.2°
set), with each set 3.7 ns later than the set before. The pulse length was nominally
3.7 ns, providing a nearly constant 11.1 ns drive. The energy was nominally 250
J/beam in the 47.8° sets and 190 J/beam in the 23.2° set, providing an average
intensity of 2.6x10™ W/cm?, as shown in Figure 5 (dashed curve, right hand
axis). A target with the payload removed was imaged with a VISAR®*
diagnostic on separate shots to determine the incident shock velocity. The

velocity inferred from the VISAR is also shown in Figure 5 (solid curve, left hand

axis).

The two-dimensional radiation hydrodynamics code LASNEX® was used to
model the laser deposition in the target, the propagation of the shock through the
pusher, and the subsequent (unperturbed) interface motion. The LASNEX
simulation of the shock velocity as a function of time is shown in Figure 5. The
simulations and the data show a shock velocity that is constant to +5% RMS, with
some temporal structure due to structure in the laser pulse. LASNEX predicted
an average interface velocity of 21.0 yum/ns, with + 5% RMS fluctuations, an

average transmitted shock speed of 26.4, an average post-shock Atwood number
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of about 0.5, and a Mach number for the incident shock of about 10. From streak
camera images of the unmodulated interface and transmitted shock, we extracted
an average velocity of 22+1 ym/ns for the interface and 26+1 pm/ns for the

transmitted shock.

Images obtained by the side-on radiography were analyzed to determine the
spike-to-bubble distance. As the experiment does not allow us to separate the
spike and bubble amplitudes with sufficient precision to tell any difference, we
‘have used 1/2 the spike-to-bubble distance as the average amplitude. The results
are plotted in Figure 6 for both the 7 ym initial amplitude and the 22 ym initial
amplitude. Also shown in Figure 6 is the linear, compressible theory prediction
of YZS for both data sets. YZS is close to the 7 ym initial amplitude data, but
predicts significantly more growth than is observed in the 22 ym initial

amplitude data (about 55% more growth at 24 ns).

Using the two-dimensional radiation hydrodynamics code CALE*, we simulated
the growth for both the actual laser drive and a constant velocity drive. The
initial gap between the valleys of the modulated plastic and the unmodulated
foam was included in the simulations. The actual laser drive was simulated in 2-
dimensional LASNEX in the same way it was for the VISAR shots. The velocity
of a zone 20 pm into the pusher was extracted from the LASNEX simulations,
and used as a velocity source in the CALE simulations. A constant velocity
source at the time-averaged velocity (14.3 pm/ns) for the zone was also used.
The constant velocity drive and the actual laser drive results are shown in Figure

6; both are shown offset vertically by about -4 ym to agree with the post-shock
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amplitude from the data. Both simulations predict a larger effect of the gap than
is observed in the data. We believe that this difference and the other small
remaining differences between the simulation and the data result from the exact
timing of the small shocks arriving at the interface. The difference between the
constant drive and actual drive is less than about 3 ym in amplitude. Little RT
growth was found in our simulations. The simulation of the interface velocity
showed a decrease in velocity of 12% by the end of the experiment. From Figure
3, we might expect an RT component of the growth of about 5% by the end of the

measurement.

In order to compare RM growth for different wavelengths, initial amplitudes,
and linear growth rates, a dimensionless normalization of the data is convenient.
The data are offset by the post-shock amplitude and normalized to the wave
number, and the experimental times are offset by the post-shock time and
normalized to the impulsive (MB) predicted amplitude. The post-shock
amplitude is usually the Richtmyer amplitude, n*=(1.-u./s;) n, and the post-
shock time is the time at which the shock leaves the initial pefturbation.
However, our experiments used targets in which the modulation is only in the
pusher; there is no foam initially in the spike locations. There is thus a brief
interval (~2 ns in the 22 pm data) of increased growth in the spike locations,
resulting in a post-shock amplitude greater than the Richtmyer amplitude. We
have therefore offset our 22 ym 1, modeling to the amplitude at the time the
shock leaves the initial perturbation (5 pm in agreement with the data). For the 7

pm data we used an offset of 1.6 yum. The initial time offset is taken from the
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CALE simulations, 12.4 ns for the 22-ym data and 11.7 ns for the 7-ym data. The

amplitudes are then scaled by the wave number and the time is normalized to

the product of the wavenumber and the impulsive growth rate, u, (5.6 pm/ns
for the 22 ym data and 1.8 um/ns for the 7 um data). The resulting scaled data
are shown in Figure 7. Predictions from four analytical models are also shown.
First is the incompressible, linear growth as predicted by the Meyer-Blewett
impulsive model (solid curve). As all plots are normalized to the MB growth rate,
this curve is a straight line with a slope of one. As the amplitude increases, the
growth leaves the linear regime, as shown by the Sadot model (dash-dot curve).
The impulsive predictions are the same any initial amplitudes or wavelength. We
note that MB would predict about 60% more growth than the Sadot model at the

largest kn, similar to the difference between YZS theory and the data for the 22

pm initial amplitude result.

The 7-um data are within one sigma of the Sadot incompressible prediction,
although all points are low early in the sequence. One might expect an
incompressible model to do a fairly good job on the 7 um data, as up, (1.8 ym/ns)
is significantly less than the shock recession velocity (e=0.4). As expected, the 22-
pm data does not agree with either incompressible model. The normalized |
predictions of the image vortex model are also shown (dashed and dotted
curves) for the two different initial amplitudes. The image vortex model predicts
different normalized results for the two initial amplitudes, as is observed in the
data. The 22-um data agree with the image vortex model, while the 7-ym data are

slightly higher. It might seem surprising that a model requiring an Atwood
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number of zero does a reasonably good job of describing an experiment with an
Atwood number of about 0.5. However, the shock proximity retards the growth
of spikes more than it does the growth of bubbles. Thus the spikes and bubbles
are nearly symmetric (as predicted by Holmes), much as for a very low Atwood
number, as may be seen in the image in Figure 4c, and the growth has the

symmetry required for the vortex model.

In conclusion, we have performed a high Mach number shock instability
experiment, not complicated by a very large initial amplitude nor by significant
Rayleigh-Taylor growth. Because incompressible models (Meyer-Blewett and
Sadot) predict an initial perturbation growth rate which exceeds the shock
recession velocity, they do not correctly predict the observed growth. Models
such of those of Holmes et al. and Hurricane et al. which reduce the initial
growth rate and assume a monotonically decreasing growth rate thereafter
correctly predict the average growth, but do not correctly predict the growth rate
as a function of time. Linear compressible theory of Yang, Zhang, and Sharp,
does not account for the nonlinear evolution of the perturbation growth. A
model based on vortex evolution, although assuming a zero Atwood number,

does a good job of predicting observed growth.
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= — Linear impulsive
2.5 = YZS, M=10,e=1.2
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Scaled amplitude (kn~kn,)
&

0.0 0.5 1.0 1.5 20 25 3.0
Scaled time (ktfyp)

Figure 1. Predictions of various models of the RM instability. The axes are
normalized amplitude (wave number times amplitude minus the post-shock
amplitude) vs. normalized time (wave number times ainplitude from the Meyer-
Blewett impulsive model). The MB impulsive model is the light solid line, the
Sadot impulsive nonlinear model is the light dotted line, and two predictions of

the YZS theory (for £=0.13 and 1.2) are shown as the heavy dashed and heavy

solid lines.
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Figure 2. Effect of large initial amplitude on growth rate. Impulsive models of
Velikovich for Mach number 15 is shown as the dashed line and Rikanati for
Mach numbers 1.2 and 15 are the heavy and light solid lines, respectively. The

data of Dimonte is shown as solid squares and that of Sadot as open squares.
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Figure 3. Effect of deceleration on perturbation growth. A) Constant velocity
(dashed) and decelerating velocity (dot-dash) as a function of time, both on left
hand axis, and acceleration as a function of time for the decelerating velocity
(thin solid curve, right hand axis). B) Calculated amplitude as a function of time

for constant (dotted) and decelerating (heavy solid curve) velocities.
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Figure 4. a) Experimental schematic. Drive laser beams are incident from the left
on the polycarbonate ablator. b) Exploded view of package, showing
polycarbonate ablator, brominated polystyrene pusher/preheat shield, high-
opacity tracer stripe embedded in polycarbonate with machined ripples, CRF
payload, and beryllium shock tube. ¢) Typical radiograph image (top) showing
the shock front (moving up), spikes of pusher material (dark) moving into
payload material (light), bubbles of payload material moving into pusher
material, and (bottom) a simulation of the radiograph, both 20 ns after the start of

the laser drive. The spikes are separated by 150 ym.
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Figure 5. Incident shock velocity (measured and simulated) and drive laser pulse.
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Figure 6. Modulation growth as a function of time for two initial amplitudes, 22
pm (squares) and 7 pum (circles). CALE simulations for the data using a constant
velocity source (dashed) and the velocity source calculated by 2D LASNEX
(solid) are also shown. The linear theory of Yang, Zhang, and Sharp is shown for

the 7 ym data (thin dashed line) and the 22 ym data (thick dashed line).
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Figure 7. Normalized modulation growth as a function of normalized time for
two initial amplitudes, 22 ym (squares) and 7 pm (circles). The growth predicted
by the linear impulsive (Meyer-Blewett), saturated impulsive (Sadot), and image

vortex (Robey) models are also shown.
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Figure 4.
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Figure 6.
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Figure 7.

$gg-281002-01

Amplitude (um)

ZZamn, ]
O 74mn,
60 =+= CALE7 umn,
= CALE, 22 ymn,
seseene CALE, 22 pymn,,
constant Ve e

-==+YZS, 22 ymn, .*
20 - ~=-= YZS, 7 ym noo',.‘

.

Time (ns)

UCRL-WEB-146893 Rev1-v4no1-03



Figure 8
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